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Dark energyfl] is one of the most intriguing puzzles of present day physics. When 
interpreted within the realm of General Relativity, its existence is linked to the pres- 
ence of a weakly interacting fluid with a negative equation of state and a dominant 
energy density. The simplest possibility is of course a pure cosmological constant. 
A plausible alternative involves the presence of a scalar field responsible for the tiny 
vacuum energy scaled [3l H]. In most cases, the quintessence field has a runaway 
potentials and takes large values now, of the order of the Planck mass. This suggests 
to embed such models in high energy physics[5l E]. The most natural possibility is 
supergravity as it involves both supersymmetry and gravitational effects. Moreover, 
superstring theories lead to supergravity models at low energy. 

From the model building point of view, the quintessence field does not belong 
to the standard model. Hence there must be a separate dark energy sector. The 
observable sector is well-known and the hidden supersymmetry (SUSY) breaking 
sector can be parameterised[7j. In the following, we give a brief overview of some 
of the constraints on the embedding of dark energy in broken supergravity following 
mostly [HIEIIIO]. 

1 Coupling Dark Energy to SUSY Breaking 

As soon as a quintessence field has a runaway potential and leads to the present day 
acceleration of the universe expansion, its mass is tiny and may lead to gravitational 
problems. In order to minimise this problem, we assume that the quintessence sector 
is only coupled gravitationally to the observable and hidden sectors. This can be 
described by the Kahler and super potentials 

K = iTquint + ^hid + ^obs, W = PFquint + Whid + W^obs • (1) 

The observable sector comprises the fields of the Minimal Standard Supersymetric 
Model (MSSM) 0" and the corresponding superpotential can be expressed as 

where fiab is a supersymmetric mass matrix and Xabc the Yukawa couplings. 
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SUSY breaking causes the appearance of soft terms in the observable and dark 
sectors. We can parameterise the hidden sector supersymmetry breaking in a model 
independent way 

>min- ai((9) , «:< W^hid>min-M3(g), < ^^^^ >min^ Ci{Q)M^{Q) , 

OZi 

(3) 

where and q are coefficients of order one which depend on the detailed structure of 
the hidden sector, Mg is the SUSY breaking scale and k, = 87r/mpi. Notice that the 
coupling of the hidden sector to quintessence implies that the vev's of the hidden sector 
fields Zi responsible for supersymmetry breaking can depend on the quintessence field. 
The observable potential reads 

+ rnlj^Ml (4) 

where the soft terms are the terms which are not in K,usy 

We consider that the dark energy superpotential is of the form 

W^quint(Q) = M^W (k^/^Q) . (5) 

where M is a scale characterising dark energy. The choice of the Kahler potential 
is also crucial. As an example, we will focus on the no-scale case corresponding to 
Kahler moduh 
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{Q + Q^)] , (6) 



The kinetic terms of the moduli read 3|(?(5P/ (Q + Q^^ implying that Q is not a 
normalized field. The normalized field q is given by 

«:V2g = exp|^-^gj . (7) 

where g is a dimensionless scalar field. 

In the no scale case and if Whid is constant, Mg is constant, A and B are constant 
of the order of Mg , and 

2B = -Mg + 3^ , (8) 
while the mass m^j acquires a very simple Q-dependence given by 

= — tp^St . (9) 

[«:V2 (g + gt)]V2 ab y ) 

In general, the soft terms have a non-trivial dependence on Q. 
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We now consider the application of the previous results to the electroweak symme- 
try breaking. The Higgs potential also becomes a Q-dependent quantity. The total 
Higgs potential, taking and to be real reads 



\/Higgs 
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In presence of dark energy, the minimum becomes Q-dependent and the particles of 
the standard model acquire a Q-dependent mass. Straightforward calculations give 
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where we have defined the Higgs vevs as {H^) = v^, (Hi) = Vd, tan/? = v^/vd, and 
mzo as the gauge boson Z^. 

From the equations (fTT!) and (fT2l) , one can also deduce how the scale v = \/vl + 
depends on the quintessence field. This leads to 
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in the large tan f3 regime. 

Then, finally, one has for the vev's of the two Higgs fields 
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at leading order in 1/ tan^/5. This allows us to deduce the two kinds of fermion 
masses, depending on whether the fermions couple to ifu or Hd 



mUQ) = A^,„e«^--/\,(g) , m-{Q) = X^e 
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where ,j and ,j are the Yukawa coupling of the particle (pa coupling either to 
or Hd- The masses pick up a exp (Ki^rquint/2) dependence from the expression of v{Q) 
and another factor exp (Ki^'quint/2) from the definition of the mass itself. As a result 
we have m oc exp (/t-ft'quint) In no scale quintessence the behaviour of the standard 



model particle masses is universal and given by m{Q) oc 
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After electro- weak symmetry breaking, the low energy action in the Einstein frame 
reads 



S = J d^x^{^-^g''^{d,q){d,q)-VMq)) + Srn{iJu,Al{q)g,,) + SU^d^ 

(17) 

where Kq-q^OQ)^ = \{dqY and Au^d{.<l) = '^m^'^f is the ratio of the q dependent masses 
to their values in the absence of couphng to dark energy. Notice that in general, the 
particles 'ilju,d coupling to Hu,d do not couple to gravity in an universal way, hence a 
violation of the weak equivalence principle. In the following, we will neglect the q 
dependence of mn^^ and B leading to A„_rf(g) = A{q). This is exact in the no scale 
case. 

If the dark energy potential is of the runaway type then this implies that the 
quintessence field has a mass ~ Hq, i.e. of the order of the Hubble rate now. The 
range of the force mediated by the quintessence field is large. In order to satisfy the 
constraints coming from fifth force experiments such as the recent Cassini spacecraft 
experiment, one must require that the Eddington (post-Newtonian) parameter I7 — 
1| < 5 X 10~^. If one defines the parameter a^A by 



au,d(Q) = 



din mlAq) 



dg 



where the derivative is taken with respect to the normalized field g, then one must 
impose that ct\^ < 10~^ since one has 7=1 + 2a^jj[TH [12]. This leads to a bound 

on au,d(g) ~ |f^g-^quint 

5,i^quint < 10-2 (19) 

Notice the analogy with the 77 problem of inflation. This constraint can be satisfied 
using an appropriate shift symmetry. In the no scale case, Eq. ([1]) implies au,d = "\/6 
in contradiction with the bounds on the existence of a fifth force. 

However, the above description is too naive because we have not taken into ac- 
count the chameleon effect. Indeed, in the presence of surrounding matter like the 
atmosphere or the inter-planetary vacuum, the effective potential for the quintessence 
field is modified by matter and becomes [ 



Kff(Q) =^,E(Q)+^(Q)Pmat, (20) 

where A{Q) is the coupling of the quintessence field to matter. This can lead to 
an effective minimum for the potential even though the Dark Energy potential is 
runaway. The theory is compatible with gravity tests if[T3] 

^^<1. (21) 
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Even if aq is quite large, if the new factor qno^l^^ is small then the model can be 
compatible with gravity. This is the thin shell effect. It strongly depends on the 
shape of the potential and, therefore, on the Kahler and superpotential in the dark 
energy sector. 

2 Quintessential Puzzles 

Radiative corrections can modify the form of the quintessence potential. In the Jordan 
frame where standard model matter couples to g^j^u = A{'l)gfj.u, the quintessence field 
only appears in the gravity part of the Lagrangian, i.e. the Newton constant becomes 
g-dependent. Now, integrating out all the standard model fields to obtain the effective 
action leads to the appearance of a cosmological constant term Aq. No contribution 
involving q can appear as gravitational loops are not taken into account. Going 
back to the Einstein frame implies that the dark energy potential is modified by 
SVde = A.QA'^(g). The same result can be obtained using the covariance of the action 
in the Einstein frame. Of course, such a correction is huge as A{q) = 1 + . . . [15]. 
This is the usual cosmological constant problem. Consistency imposes that Aq must 
be very small. In the following, we implicitly assume that an unknown mechanism 
guarantees that Aq = 0. 

Let us come back to the structure of the scalar potential when the quintessence 
superpotential is small compared to the hidden sector superpotential M <C Mg 

V = Vt,e{Q) + I^z,r + c^^^^K'^'^KqKq - -)k'\W\^ (22) 

i ^ 

The first term Vde contains terms of order and M^M"^, it is responsible for the 
quintessence property of the model. The second term contains the F-terms of the 
hidden sector. The third term lead to a potential for the quintessence field (if it does 
not vanish). 

Let us consider first models where the Kahler potential can be expanded around 
Q = _ 

K = QQ + ... (23) 

where . . . represent Planck suppressed operators. The quintessence field picks up a 
soft breaking mass [161 [IH] 

V = VnE + ml/,\Q\'' (24) 

where we must impose J2i l-^ziP = 3m3^2'^~^ order to cancel the intolerably large 
contribution to the cosmological constant coming from the hidden sector. Due to 
the large value of 7713/2 compared to the quintessence field, the potential acquires a 
minimum Qq small in Planck units. The scale M is tuned to get a minimum value 
for the potential of order Q\Pc- At this minimum, the mass of the quintessence field 
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is m3/2, large enough to evade all the gravitational tests. Now cosmologically, the 
steepness of the quadratic potential in Q implies that the field must have settled at 
the minimum before BBN. If not the energy density of the quintessence field would 
exceed the MeV energy scale of BBN. In practice, the potential is constant since BBN, 
i.e. equivalent to a cosmological constant: a very intricate manner of modelling a pure 
cosmological constant throughout most of the universe history! 

One can circumvent this argument by taking singular potentials where the poten- 
tial term in is constant. One can choose 

K = --hiK^'\Q + Q) (25) 

K 

In this case, n=3 for moduli and n=l for the dilaton. Fine-tuning of the cosmological 
constant requires 

Y^\F,,\'' = {'i-n)ml/^K-^ (26) 

i 

leaving 

V = Vde (27) 

No mass term appears for the quintessence field. The mass of the quintessence field 
at the minimum of the matter-dependent potential is of order Hq. Moreover the thin- 
shell effect is only present for small values of the normalised scalar field q. This is 
not the case for well-motivated superpotentials motivated such as the ones obtained 
from gaugino condensation. However, this is not excluded for clever choices of the 
dark energy superpotential. 

In conclusion, coupling dark energy to supersymmetry breaking modifies runaway 
potentials in a drastic way, giving a large mass to the quintessence field of order of 
the gravitino mass. This can only be avoided using no scale models. In this case, 
only very special superpotentials can lead to a chameleon effect, and therefore viable 
models. The construction of such models is challenging and worth pursuing. 

I would like to thank my long time friend and collaborator Jerome Martin. 
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